AIM: to compare patients with good and poor recovery after 1 and 3 months from onset of poststroke aphasia and to correlate the quality of recovery with quantitative EEG (QEEG) measures (frequency analysis with the limits of variability, and index of asymmetry). METHODS: The investigation was performed on the sample of 32 patients with poststroke aphasia, 15 females (46.88%) and 17 males (53.12%), mean age + standard deviation (SD) being 50.65+9.93 years. QEEG measures of this sam-ple were compared with those in a group of 86 healthy controls, 39 (45.35%) females and 47 (54,65%) males, mean age +SD being 51.08+10.08 years. Frequency analysis was performed in eyes closed and eyes open conditions in both controls and in aphasics who were tested just before and two month after rehabilitative treatment with speech therapy. RESULTS: We have got normal distribution for all derivations and all frequency bands in the group of healthy subjects. On the basis of this finding, we determined coefficients of variation in patients with poststroke aphasia and discovered that their maximal variability scores were significantly decreased. Compared to healthy subjects, the index of asymmetry between two hemispheres and between main brain regions was significantly higher in the aphasic patients than in controls. However, the differences in the index of asymmetry and limits of variability significantly decreased after two month treatment in the subgroup of patients with good improvement compared with the subgroup of patients with poor improvement of poststroke aphasia. CONCLUSION: QEEG measures may have predicitive value in post-stroke aphasia.
INTRODUCTION
A phasia affects up to 38% of patients with neurological disorders following acute ischemic stroke (AIS) of the left middle cerebral artery (MCA) territory 1 . Investigations in patients with AIS are structural (computerized tomography -CT and magnetic resonance imaging -MRI) or functional (regional cerebral blood flowrCBF, electroencephalogram -EEG, magnetoencephalography (MEG), single photon emmission computerized tomography, positron emmision tomography and functional MRI -fMRI). Structural methods proved to be superior for the lesion localisation, while functional brain imaging, EEG and MEG methods provide important tools to study the effect of therapeutic interventions on brain activation 2 . The advantages of EEG over other functional methods include its safety, easy availability, low cost and above all, easy application in large group of subjects.
EEG studies of poststroke aphasia were carried out for diagnostic and/or prognostic evaluation. Quantitative EEG (QEEG) has advantages over conventional technique in detecting ischemia as well as in determining prognosis of cerebrovascular accidents (CVAs) [3] [4] [5] [6] . In the first QEEG study of aphasic patients Nagata et al 3 established a significant correlation between the location of slow wave activity and location of the lesion with both structural CT scans and rCBF. The preservation of alpha activity with a higher amplitude over the intact hemisphere correlated with good language recovery 7 while the presence of PLEDs in acute lesions was an ominous prognostic sign 8 . Factors which affect recovery in aphasia depend on the initial severity of stroke and linguistic deficits, location and size of lesion, age at onset, aetiology, prestroke history, as well as on the functioning of residual unimpaired linguistic centers 1, 9 . Burghaus et al 6 reported that higher levels of slow waves were significantly linked to a poor clinical outcome.
EEG alpha rhythm normally shows bilateral visual reactivity, while unilateral reduction of alfa rhythm attenuation occurs on the side of abnormal hemisphere as an EEG sign of lateralized cerebral dysfuntion 13 , also mentioned in patients with poststroke aphasia 14 . This finding is suggestive of the involvement of neuronal network involved in the generation of alpha rhythm. However, to the best of our knowledge, none of the previous QEEG studies was completely devoted to the analysis of subtle abnormalities of visual EEG reactivity in poststroke aphasia. The aim of the present study is to provide these data.
METHODS
The study was performed at the Rehabilitation Clinic "Dr Miroslav Zotovi}" in Belgrade. Approval for the study was granted by Ethics Committee of the Clinic for Re- Localization of cerebral lesion in patients with aphasia was determined by clinical examination and neuroimaging with CT and/or MRI of endocranium. All patients were found to have infarcts of the MCA territory. Aphasia in all patients was evaluated with Boston Diagnostic Aphasia Examination (BDAE) 15 , which was used in all patients approximately one month after stroke onset.
EEG in all patients was recorded one month after the onset of cerebral infarction (and acute treatment phase) and and two months later, i.e., after rehabilitation treatment. EEG in healthy subjects and patients was recorded at approximately the same schedule. Every recording was started between 9 and 10 a.m., 60-90 minutes after breakfast. During the procedure, the subjects were comfortably seated in a reclining chair and were instructed to avoid body movements and to abstain from bliniking (when the eyes were open) and eyes moving. The recording was made during several (4-6 per subject) one-minute periods of quiet rest under the EC and EO condition. During the eyes open period, the subjects were instructed to fixate a small dot centered on the computer display. The EEGs with visible artifacts, or with signs of somnolence and EEG transients were removed from the final analysis. The reproducibility of EEG recordings in every subject was checked by repeating the whole procedure after the selection of the first EEG segment and, in 21 subjects, chosen at random, repeating the recording after 20-minute interval.
EEG was recorded on 32-channel XLTEK apparatus in both behavioral states (eyes closed and eyes open). The Ag-AgCl stick-on electrodes were placed in accordance with the international 10-20 system 16 . The electrode impedance was kept below 3kO. For all channels, the time constant was 0.3 sec and an upper limit was set at 35 Hz to eliminate the aliasing effect of muscle activity 17 . 16-channel EEG data were displayed in Laplacian electrode montage in derivations: F7-aF7, T3-aT3, T5-aT5 F3-aF3, C3-aC3, P3-aP3, P3-O1, T5-O1, F8-aF8, T4-aT4, T6-aT6, F4-aF4, C4-aC4, P4-aP4, P4-O2, T6-O2. Laplacian or source derivation is a method intended to improve the spatial resolution of the EEG. In this method, the electrode on lead 1 of each channel is referred to its own unique reference, which is a weighed average derived from the adjacent channel. The Laplacian is reference free in that it is only dependent upon the electrical potentials gradients surrounding each electrode. The method gives an enhanced display of local features of the EEG that may assist interpretation 18 . The grounding electrode was attached to the prefrontal position Fpz (between Fp1 and Fp2).
The visual inspection of the subject and EEG traces was the basis to start the selection of EEG epochs for frequency analysis. In this way, 10 consecutive, artifact-free epochs of 2 seconds each were selected and submitted to spectral analysis. For each subject, the range of 20 sec epochs ranged from 4-6. The choice of 24 sec epochs in a session was based on the report that 20-sec epochs were in 90% cases representative for the state of subjects studied 
STATISTICAL EVALUATION
Results in patients obtained under the eyes closed (EC) and eyes open and (EO) conditions were compared in two periods 1. before treatment, i.e., one month after the onset of stroke and 2. after two months of neurological rehabilitation and speech therapy. Results in both conditions and both periods were compared with the results under the same conditions in the group of healthy subjects .
Total power for all frequency bands in all derivations and in left and right hemisphere were compared for both conditions (EC and EO) in two study period betwen the group of patients with a good improvement and the group of patients with poor improvement of aphasia. For these comparisons, Mann-Whitney U test and t test were used. Frequency analysis for all frequency bands and for all derivations in the control group showed a normal distribution. Afterwards, we calculated the coefficients of variation (CV), defined as the ratio of the standard deviation (SD) to the mean value (X), expressed as percentage. The coefficient of variation is a dimensionless number. For this reason, it has advantages over the standard deviation when comparing between data sets with different units or widely different means, as in our sample of QEEG data of patients with poststroke aphasia.
Limits of variability in the group of healthy subjects were calculated by using the formula X+2SD in both conditions (EC and EO) and for all frequency bands. Limits of variability in patients with poststroke aphasia (before and after rehabilitation treatment) were obtained on the basis of normal distribution of frequencies for healthy controls in both EC and EO conditions and for all frequency bands. If the value of amplitude of a patient was within limits of variabiliy for healthy subjects group, its score was 1 while the score for a value that was outside variability Br. 3 EEG study of visual reactivity in aphasic patientslimits was 0. Minimal and maximal variability scores were determined for the whole brain, for left and right hemisphere and for four scalp quadrants: right anterior (RA) (pooled derivations being F8-aF8, F4-aF4, C4-aC4, T4-aT4), right posterior (RP) (T6-aT6, T6-O2, P4-aP4, P4-O2), left anterior (LA) (F7-aF7, F3-aF3, C3-aC3, T3-aT3), and left posterior (LP) (T5-aT5, T5-O1, P3-aP3, P3-O1). Data from derivations over a scalp quadrant could be analyzed as a single pool. Maximal variability score for each condition (EC or EO) was 320 (20 frequency steps, i.e., 1 Hz-20 Hz) x 16 derivations). In this way, the values were calculated for each subject with poststroke aphasia (in all derivations, in all frequency bands and in both EC and EO conditions). Based on these calculations, we could define where the differences between the study groups and between the regions were the most prominent.
The index of asymmetry between hemispheres was calculated by means of the formula: 100x(l-r)/(r+l), where r is the value of the parameter recorded from one site of the right hemisphere, and l is the value of the same parameter recorded from the symmetrical site over the homologous region of the left hemisphere. Positive values indicate an accentuation of the power on the left hemisphere, while a negative number announces a predominance on the right. Index of asymmetry was calculated for the group of healthy subjects and for the group of patients with aphasia. In order to calculate the index of asymmetry for four above defined scalp quadrants in the group of healthy subjects and in the group of aphasics in both conditions (EC and EO), we used the formula: the sum of scores for the left hemisphere quadrants minus the sum of score for the right hemisphere quadrants / the sum of score for the left hemisphere quadrants plus the sum of score for the right hemisphere quadrants. (LA -LP)/(LA+LP).
Severity of impairment was graded from 1 (lowest) to 5 (highest). Correlation between severity of impairment (1-5) and limits of variability in main frequency bands for EC and EO conditions was assessed with Spearman's correlation coefficient.
RESULTS
Aphasia in all patients was secondary to an ischemic cerebrovascular accident (CVA) in the MCA territory. All patients and control subjects were right-handed with a score > 90 in the Edinburgh Handedness test. Twenty six patients suffered from nonfluent aphasia and six patients from fluent aphasia. The type of aphasia was further classified as Broca's type in 5, Wernicke's type in 2, global in 6, conduction in 2, anomic in 2, transcortical motor in 4, transcortical sensory in 4, and transcortical mixed aphasia in 6 patients. A good improvement of aphasia was noted in 17 (53.125%) patients and a poor recovery in 15 (46.875%) patients. Coefficients of variations in all 16 derivations for main EEG frequency bands in patients with aphasia are shown in appendix 1, for EC condition: part I (for frequencies from 0-1Hz.. 9-10 Hz) and part II (for frequencies from 10-11Hz ... 19-20 Hz), for EO condition: part III (for frequencies from 0-1Hz.. 9-10 Hz) and part IV (for frequencies from 10-11Hz ... 19-20 Hz). It can be seen from appendix 1 that the greatest deviation from the mean value (or highest dispersion of values) was found mainly in the temporal derivations (T3-aT3 and T5-aT5 in 8 Hz frequency range, from 10-14 Hz in T5-O1, 7 Hz in P3-O1, from 9-16 Hz in T6-O2, and 6 Hz in T6-aT6). Table 1 shows coefficient of variations in control group divided in 5 main frequency bands and also minimal (min) and maximal (max) coefficeints of variation for all derivations in two states (EC and EO). It is evident from table 1 that coefficients of variations for all frequency bands are maximal in temporal derivations (T3-aT3, T5-aT5, T4-aT4, T6-aT6) and minimal in central regions (C3-aC3, C4-aC4) while they are intermidate in other regions.
Maximal value of variability amounting to 320 (see Methods) was obtained in 20 healthy subjects in EC condition (23%) and in 16 (20%) healthy subjects in EO condition. Maximal value of variability was not obtained in none of the aphasic patients either in EC or EO condition.
The index of asymmetry in healthy controls and aphasic patients in EO and EC conditions is presented in Table 2 . It is evident that the index of asymmetry between hemispheres in controls is close to zero, which means that both hemispheres have approximately the same electrophysiological activity. On the other hand, all differences in the index of asymmetry in the group of patients with aphasia in both conditions (EO and EC) are much more higher than in controls (Table 3 ). The differences in the index of asymmetry in aphasics persist after treatment.
The limits of variability in the group of aphasic patients was correlated with the degree of language impairment, which was labelled in grades, from 1-5. Grade 1 was normal speach, 2 was the mildest degree of impairment and 5 was the maximal degree of language impairment. Before treatment, 8 patients had grade 3(25%), 20 patients had grade 4(62.5%) and 4 patients had grade 5 (12.5%). After treatment, 12 patients had grade 2(37,5%), 12 had grade 3(37,5%) and 8 patients had grade 4(25%). Correlations before and after speech rehabilitation were significant in various frequency bands in both EC and EO conditions in a complex differing way in both left and in right hemisphere, mostly in theta and delta bands (see Table 4 ).
Correlations between severity of impairment (grades 1-5) and limits of variability of topographic distribution, i.e. in main brain regions (RA, RP, LA, LP) for main frequency bands for EC and for EO conditions in Table 5 . It is evident that many correlations were significant for slow frequency bands in the left hemisphere and for fast frequencies (8-12 Hz, 12-16, 16-20 Hz) in both hemispheres. These correlations became even more evident when the subgroup with good improvement of aphasia was compared with the subgroup showing poor improvement ( are highly significant for all frequency bands in EC conditions and for fast frequencies in EO condition, while in the right hemisphere they are significant only for delta and beta frequency bands.
DISCUSSION
The use of QEEG technique in the present paper comprised all efforts to exclude artifacts. However, it should be borne in mind that in awake subjects, the complete exclusion of some muscle potentials, causing artifactual fast activity over frontal and anterotemporal regions, is almost impossible. Therefore, some cautions is necessary when interpreting the possible significance in beta bands power over the above-mentioned regions.
Greatest deviation from the mean value (or highest dispersion of power values) in this study was found over temporal regions. Although it was also reported in previous QEEG studies of healthy subjects 20 , the dispersion of values over temporal regions (T3 and T5) is much higher in subjects with aphasia than in controls or healthy subjects. Regarding structure-function associations, it should be stressed that the field of T3 best reflects Wernicke area, F7 lies adjacent to Broca area, and T5 covers left middle temporal gyrus 21 . Therefore, highest dispersion at T3 and T5 in our patients with aphasia may be related to impaired language processing.
The limits of EEG variability in our patients with poststroke aphasia were decreased in comparison to the group of controls (healthy subjects of the same age) (see Table  2 ). This finding may be seen as a sign of lesion and was associated with poor clinical recovery of aphasia. Impaired normal EEG variability is an important unfavourable sign associated with poor outcome in brain lesions of various etiology 22 . EEG abnormalities within and out-side areas responsible for language can be related to the restitution of poststroke aphasia. Local alterations occur in the ischemic region while alterations outside this regions disorganize neuronal networks that are mainly involved in the generation and propagation of alpha rhythm. Therefore, it could be hypothesized that interhemispheric reorganization of neuronal networks implicated in language is a function not only depenedent upon lesion location but also on dynamic functions of right hemispheric and subcortical neural systems 23 . QEEG asymmetry in CVAs shows unidirectional decrease of frequency and reactivity or bidirectional changes in amplitude (either depression or enhancement), which gives rise to either an increase or a decrease of alpha power 10 . Considering the index of asymmetry between left and right hemisphere in controls (see Table 3 ), its values are approaching zero, which suggest that the brain activity in healthy subjects is mainly bilaterally synchronous. On the other hand, the index of asymmetry in controls is highest (2.06%) between right anterior/right posterior (RA/RP) quadrants, indicating that anterior regions are more synchronous and equilibrated than right posterior brain regions. This finding is in accordance with previous studies in healthy subjects that demonstrated that differences in index of asymmetry have been significant for posterior temporal regon, particularly in non-dominant cerebral hemisphere 20 . The index of asymmetry in patients with aphasia showed a significant difference between AL/PL regions in both EC and EO condition. The differences in the asymmetry index were also significant between AL/PR regions in both EC and EO conditions. The asymmetry obtained is in favour of PL regions may suggest a greater disorganization of neuronal structures in these areas that are responsible for linguistic functions. Hensel et al. 12 have found that abnormal focal slow activity is generated and persists in the area of cerebral lesion.
Due to limitations inherent in QEEG methods, this study cannot define precisely the brain regions involved in the recovery of aphasia. According to studies using fMRI, the most relevant region involved in recovering from chronic nonfluent aphasia are the inferior frontal gyrus and adjacent insular cortex 23 .
Comparing QEEG measures before and after speech rehabilitation in our sample of aphasics, we have found several significant correlations in various frequency bands in both EC and EO conditions in a complex differing way in both left and in right hemisphere, mostly in theta and delta bands (see Table 5 ). Delta band abnormalities seem to be the most reliable EEG sign of a structural lesion. They are closely related to ischaemic disturbances, in the form of PDA in the ischaemic territory 4 . According to a recent study 9 , delta band abnormalities are reliable in the assessment of functional impairment as well as of linguistic reorganization of chronic aphasics at hemispheric level. Evidence from fMRI suggested that reactivation of perilesional areas was most efficient in regaining language functions (Heiss and Thiel, 2006) . Patients with more severe aphasia usually show more extensive lesions and recruit undamaged right hemispheric areas of the language processing network. The latter strategy is associated with less-efficient compensation but nevertheless may lead to favourable recovery in some patients 24 .
The nature of neural processes of language restitution following aphasia is still unresolved and it is not clear which brain mechanisms are assocciated with rehabilitation induced improvement of language functions in aphasic patients. Our results suggest that complex abnormalities involving cerebral functional reactivity occur in both EC and EO states. These complex changes probably reflect the reorganization of neuronal networks in poststroke aphasics. It was assumed that the shifts in EEG frequency in left and right hemisphere occurring in post-stroke period reflect various cognitive strategies used as a measure to compensate for the aphasia. The results of a prospective study using SPECT 25 suggested that the linguistic strategies linked to left language-dominant hemisphere were more successful for the initial language recovery than those using right hemisphere mechanisms. The linguistic strategy may change in chronic aphasia due to a greater activation in right-hemispheric areas, including the inferior frontal gyrus and insular cortex 23, 25 . In the present paper, a good language recovery was highly significantly associated with shifts of EEG variability over left hemisphere, which involved all frequency bands in EC conditions and fast frequencies in EO condition. Significant shifts of EEG variability over right (non-dominant) hemisphere were noted for beta frequency bands in EC condition and for delta band in EO condition. Therefore, shifts of EEG variability in the left (dominant) hemisphere, compared to those in the right hemisphere were much more evident.
From all above considerations, we conclude that on the basis of established variability limits a reliable assessment of the functional impairment of several cerebral regions can be infered. Further use of these QEEG measures may simplify the procedure of detecting the functional impairment and may be used in longitudinal studies in order to assess the functional correlates of language restitution in large groups of aphasic patients.
SUMMARY EEG STUDIJA VIZUELNE REAKTIVNOSTI KOD PACIJENATA SA AFAZIJOM
Cilj ovog rada je da se uporede pacijenti sa dobrim i lošim oporavkom posle 1 i tri meseca od nastanka afazije posle mo'danog udara i izvrši korelacija stepena oporavka sa kvantitativnim EEG (QEEG) merenjima (frekvencijskom analizom sa granicama varijabilnosti i indeksom asimetrije). Metode: Istra'ivanje je obavljeno na uzorku od 32 pacijenta sa afazijom posle mo'danog udara, 15 'ena (46,88%) i 17 muškaraca (53,12%), prose~ne starosti + standardna devijacija (SD) je bila 50,65+9,93 godina. QEEG merenja navedenog uzorka su uporedjivana sa 86 osoba iz kontrolne grupe zdravih 39 (45.35%) 'ena i 47 (54,65%) muškaraca prose~ne starosti +standardna devijacija (SD) je bila 51.08+10.08 godina. Frekvencijska analiza je izvršena u stanju sa zatvorenim i otvorenim o~ima i kod kontrolne grupe i kod grupe pacijenata sa afazijom koji su testirani i pre i posle dva meseca logopedskog tretmana. Rezultati: Dobili smo normalnu raspodelu za sve derivacije i sve frekvencijske opsege u grupi zdravih subjekata. Na osnovu ovoga, odredili smo koeficijente varijacije kod pacijenata sa afazijom posle mo'danog udara i pronašli da je maksimalni varijabilni skor bio zna~ajno sni'en. Prilikom uporedjivanja sa zdravim subjektima, indeks asimetrije izmedju dve hemisfere i izmedju glavnih mo'danih regiona je bio zna~ajno viši kod pacijenata sa afazijom, u odnosu na kontrolnu grupu. Medjutim, razlike u indeksu asimetrije i granicama varijabilnosti zna~ajno su smanjeni posle dva meseca tretmana u podgrupi pacijenata sa dobrim oporavkom u odnosu na podgrupu pacijenata sa lošim oporavkom afazije posle mo'danog udara. Zaklju~ak. QEEG merenje mo'e imati prediktivni zna~aj kod afazija posle mo'danog udara.
Klju~ne re~i: afazija, mo'dani udar, kvantitativna elektroencefalografija (QEEG), vizuelna reaktivnost, rehabilitacija 
